Objective-During inflammation, macrophages secrete vesicles carrying RNA, protein, and lipids as a form of extracellular communication. In the vessel wall, extracellular vesicles (EVs) have been shown to be transferred between vascular cells during atherosclerosis; however, the role of macrophage-derived EVs in atherogenesis is not known. Here, we hypothesize that atherogenic macrophages secrete microRNAs (miRNAs) in EVs to mediate cell-cell communication and promote proinflammatory and proatherogenic phenotypes in recipient cells. Approach and Results-We isolated EVs from mouse and human macrophages treated with an atherogenic stimulus (oxidized low-density lipoprotein) and characterized the EV miRNA expression profile. We confirmed the enrichment of miR-146a, miR-128, miR-185, miR-365, and miR-503 in atherogenic EVs compared with controls and demonstrate that these EVs are taken up and transfer exogenous miRNA to naive recipient macrophages. Bioinformatic pathway analysis suggests that atherogenic EV miRNAs are predicted to target genes involved in cell migration and adhesion pathways, and indeed delivery of EVs to naive macrophages reduced macrophage migration both in vitro and in vivo. Inhibition of miR-146a, the most enriched miRNA in atherogenic EVs, reduced the inhibitory effect of EVs on macrophage migratory capacity. EV-mediated delivery of miR-146a repressed the expression of target genes IGF2BP1 (insulin-like growth factor 2 mRNA-binding protein 1) and HuR (human antigen R or ELAV-like RNA-binding protein 1) in recipient cells, and knockdown of IGF2BP1 and HuR using short interfering RNA greatly reduced macrophage migration, highlighting the importance of these EV-miRNA targets in regulating macrophage motility. 
C ell-to-cell communication facilitates the functional coordination of different cell types within a tissue and is a hallmark of multicellular organisms. In addition to cell junctions, adhesion contacts, and soluble messengers, cells communicate via the release and transfer of extracellular vesicles (EVs), which have recently emerged as multifaceted regulators of intercellular communication. [1] [2] [3] [4] [5] Depending on their size and mechanism of generation, EVs can be classified as exosomes, microvesicles, or apoptotic bodies. Exosomes are membrane vesicles ranging from 30 to 150 nm in size that are generated by inward budding of the limiting membrane of multivesicular bodies (MVBs). MVBs release exosomes into the extracellular environment by directly fusing with the plasma membrane. 6, 7 Microvesicles, on the other hand, are larger vesicles (with a diameter of 200 nm to 1 μm) that are produced by direct budding from the cell plasma membrane as shedding vesicles. 8, 9 Secreted EVs can be taken up by target cells through endocytosis, phagocytosis, or direct fusion with the plasma membrane, leading to the delivery of EV proteins and RNAs to modulate specific cellular signaling pathways in recipient cells. 10 
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Like other cell types, macrophages use EVs to communicate inflammatory signals. During infection, macrophages secrete exosomes containing pathogen-associated molecular patterns that promote cytokine production and recruitment of other immune cells to inflammatory sites. 11 Moreover, there is increasing evidence that inflammatory macrophages transfer microRNAs (miRNAs) packaged into EVs, which alter gene expression in recipient cells. 12 Macrophage-derived microvesicles are enriched in miR-223 and are thought to regulate macrophage differentiation. 13 Although being extensively characterized in infectious inflammation, the role of macrophage-derived EVs, especially the unique EV loading of miRNAs in sterile inflammatory diseases, has not been well studied. Atherosclerosis is a lipid-driven chronic inflammatory disease where excess cholesterol accumulation in the vessel wall drives a nonresolving immune response.
14 Although many cell types contribute to the disease, macrophages are fundamental to atherosclerotic progression and are one of the most abundant components in atherosclerotic plaques. In the early stages of atherosclerosis, the key inflammatory response to lipid accumulation and endothelial activation is recruitment of circulating monocytes into the vascular intima. Recruited monocytes differentiate into macrophages that scavenge retained modified lipoproteins, transforming into cholesterol-laden foam cells. 15, 16 Excessive free cholesterol accumulation in macrophage-derived foam cells results in activation of downstream cascades, including NLRP3 (NLR family, pyrin domain containing 3) inflammasome, TLR (Toll-like receptor) signaling, and endoplasmic reticulum (ER) stress responses. These inflammatory signals exacerbate not only oxidative stress in the plaques but also the transmigration of additional inflammatory cells, including monocytes into the intima. [16] [17] [18] Lesion regression requires the resolution of inflammation and macrophage emigration out of the plaques through reverse transmigration. However, during atherosclerosis progression, the expression of retention factors render the macrophage immobile and prevent their emigration out of the artery wall. [19] [20] [21] A better understanding of mechanisms that regulate macrophage motility during atherosclerosis will provide insights into pathways that may have therapeutic value.
It is known that secreted factors, such as guidance cues and chemotactic proteins, are crucial for controlling monocyte recruitment and macrophage emigration, but whether macrophage-derived EVs also play a key role in modulating macrophage migration is unknown. We hypothesized that macrophages can promote proinflammatory and proatherogenic phenotypes in recipient cells through secretion of EVs containing miRNAs. In the current study, we find that EVs derived from cholesterolloaded macrophages can inhibit macrophage migration in vitro and in vivo. This effect seems to be mediated by the transfer of several miRNAs, including miR-146a, to recipient macrophages where they repress the expression of specific promigratory target genes IGF2BP1 (insulin-like growth factor 2 mRNA-binding protein 1) and HuR (human antigen R or ELAV-like RNAbinding protein 1). Our studies suggest that EV-derived miRNAs secreted from atherogenic macrophages may accelerate the development of atherosclerosis lesions by decreasing cell migration and promoting macrophage entrapment in the vessel wall.
Materials and Methods
Materials and Methods are available in the online-only Data Supplement.
Results

Characterization of MacrophageDerived EVs and EV-Derived RNA
To characterize EVs from atherogenic macrophages, we isolated EVs from primary mouse macrophages treated with or without oxidized low-density lipoprotein (oxLDL). Nanoparticle tracking analysis showed that isolated EVs from both control and oxLDL-treated macrophages ranged in size from 40 to 300 nm with a mean particle size of 111 and 125 nm, respectively, which is the typical size range of exosomes or small microvesicles 8 ( Figure 1A) . Quantification of the size of EVs across multiple experiments revealed that there was a small but significant increase in the size of EVs secreted from oxLDL-loaded macrophages ( Figure 1B) . To further confirm the purity of macrophage-derived EVs, Western blot analysis was performed and showed that EV samples isolated from control and oxLDLtreated macrophages were positive for CD9 and Tsg101, wellknown exosomal markers, 6 and were negative for Calnexin, an integral ER membrane protein that was used as a marker for cell contamination ( Figure 1C ). We then characterized total RNA recovered from macrophage-derived EVs using Bioanalyzer analysis and found that total EV-derived RNA mainly contained small RNAs and did not contain the prominent peaks of 18S and 28S rRNA ( Figure 1D ). Bioanalyzer analysis was also used to analyze total RNA isolated from oxLDL-containing media alone (incubated in cell-free wells), which revealed that there was little or no RNA in oxLDL ( Figure IA in the online-only Data Supplement). In addition, we examined the secretion of EVs from atherogenic macrophages using transmission electron microscopy. Results showed that some vesicles were visible as intraluminal vesicles located inside MVBs, which is typical for exosomes ( Figure 1E) . A different type of vesicles was also observed and characterized as clusters of endomembrane vesicles enclosed by the plasma membrane ( Figure 1F ). These MVB-like structures are similar to the vesicles released by smooth muscle cells implicated in vascular calcification. 22 Together, these data indicate that primary mouse macrophages secrete EVs that share many characteristics with exosomes, including size, marker expression, and ultrastructural secretion patterns.
Differential miRNA Expression Profile in EVs Secreted From Cholesterol-Loaded Macrophages
To characterize the EV-derived miRNA signature of atherogenic macrophages, we performed miRNA arrays on atherogenic EVs compared with control EVs and confirmed via quantitative reverse transcriptase polymerase chain reaction that EVs secreted from cholesterol-loaded macrophages were enriched in miR-146a, miR-128, miR-185, miR-365, and miR-503 ( Figure 2A ). We also examined the expression of these miRNAs in atherogenic EVs isolated from other macrophages, including mouse primary bone marrow-derived, RAW 264.7, and human THP-1 monocyte-derived macrophages. As expected, the signature of EV-derived miRNAs showed similar patterns of expression in different types of macrophages ( Figure 2B ; Figure IB 23, 24 we also isolated EVs from control and cholesterolloaded macrophages using ultracentrifugation and confirmed the increased expression of top 5 miRNAs in atherogenic EVs ( Figure ID in the online-only Data Supplement). miRNAs are believed to be selectively packaged into EVs and do not necessarily reflect miRNA profiles observed in the parental cells. 25 To determine whether the changes of miRNA expression that occurred in EVs also occurred in the cell of origin, we examined the expression of top candidate miRNAs in the corresponding intracellular RNA samples. Although highly upregulated in EVs secreted from atherogenic macrophages, the cellular expression levels of miR-146a, miR-128, miR-185, miR-365, and miR-503 in atherogenic macrophages did not significantly change compared with controls ( Figure 2C and 2D). We also confirmed that these candidate miRNAs are enriched only in exosomes or small microvesicles secreted from oxLDL-loaded macrophages, not in larger microvesicles isolated from oxLDL-loaded cells nor EVs from LDL-treated Figure 1 . Characterization of macrophage-derived extracellular vesicles (EVs) and EV-derived RNA. EVs secreted from control and oxidized low-density lipoprotein (oxLDL)-loaded (50 μg/mL for 24 hours) peritoneal macrophages were purified using ExoQuick-TC solution. A, EVs were visualized on NanoSight LM10. B, Mean size of EVs secreted from control and oxLDL-loaded macrophages. Analysis from duplicates from n=3 experiments, **P<0.01. C, EVs were subjected to immunoblot analysis of Calnexin, Tsg101, and CD9 in nonreducing conditions. D, Total RNA was extracted from EVs and was analyzed using Bioanalyzer RNA 6000 Pico chip. E, Electron microscope images of multivesicular bodies where the membrane invaginates inward to form intraluminal vesicles referred as exosomes. F, Electron microscope images of a different type of EVs secreted from oxLDL-loaded macrophages. Figure IE and IF in the online-only Data Supplement). Time course analysis of miRNA expression showed that upregulation of candidate miRNAs in atherogenic EVs occurred early, after 6 hours of oxLDL treatment, with peak expression at 24 hours and persisted until 48 hours post-treatment ( Figure 2E ). Together, these data indicated that macrophages loaded with oxLDL secrete EVs enriched in miR-146a, miR-128, miR-185, miR-365, and miR-503.
macrophages (
EVs From Atherogenic Macrophages Are Taken Up by Naïve Macrophages and Transfer miRNA
In order for EV-derived miRNAs to exert paracrine effects, EVs need to be taken up and contents delivered to recipient cells. After the identification of the most highly dysregulated miRNAs in atherogenic EVs, we proceeded to test whether control and atherogenic EVs could be taken up by naïve macrophages. We established a coculture system where Figure 1) . B, miRNA expression in EVs isolated from oxLDL-treated bone marrow-derived macrophages (BMDMs). C and D, miRNA expression in corresponding cellular RNA samples. E, Time course profile of miRNA expression in peritoneal macrophage-derived EVs. Graphs represent the means±SD from n=3 independent experiments, **P<0.01. . Extracellular vesicles (EVs) from atherogenic macrophages are taken up and deliver exogenous miRNAs to naïve macrophages. A-C, Peritoneal macrophages (donor cells) were stained with Vybrant DiO cell labeling solution, and visualization of EV uptake was performed using confocal microscopy. A, Labeled macrophages were cocultured with naïve macrophages in the absence/presence of oxidized low-density lipoprotein (oxLDL; 50 μg/mL) for 24 hours. B, Labeled macrophages were treated without/with oxLDL (50 μg/ mL) for 24 hours. EVs were then purified using ExoQuick-TC solution and applied to naïve macrophages. C, Labeled macrophages were pretreated with GW4869 (10 μmol/L) for 24 hours. Culture media was collected and applied to naïve macrophages. D, The area of fluorescent signal from (C) was quantified using Image J software using 5 fields for each condition. Graph represents the mean±SD from n=3 independent experiments. Images are representative of experiments done in triplicate (n=3). E, Macrophages (donor cells, bone marrowderived macrophages [BMDMs]) were transfected with C. elegans miR-54 mimics and then cocultured with naïve macrophages in the absence/presence of oxLDL (50 μg/mL) for 48 hours. Total RNA was isolated from naïve macrophages, and cel-miR-54 levels were measured by quantitative polymerase chain reaction (qPCR). The experiment was performed in triplicate (n=3), **P<0.01.
fluorescently labeled macrophages were cultured together with naïve (unlabeled) macrophages, separated by a 0.4 μm transwell filter to avoid direct cell contact or transfer of larger vesicles. Confocal microscopy analysis showed that naïve cells cocultured with membrane-labeled macrophages took up the label, indicating transfer of small (<0.4 μm) membranous vesicles between these cells ( Figure 3A ). We next isolated labeled macrophage-derived EVs from control and oxLDLtreated cells and applied them directly to naïve macrophages. As expected, we observed a rapid uptake of fluorescently labeled EVs from both control and atherogenic EVs into naïve cells ( Figure 3B ). Notably, when we inhibited exosome generation using GW4869, 26 the levels of fluorescent signals in naïve cells significantly decreased as compared with control ( Figure 3C and 3D).
To determine whether macrophage-derived EVs can transfer miRNAs to naïve macrophages, we once again used a coculture system of macrophages transfected with cel-miR-54 (naturally present only in Caenorhabditis elegans) with naïve macrophages separated by a 0.4 μm filter. The expression levels of cel-miR-54 in naïve macrophages were analyzed after 24 and 48 hours coculture and demonstrated that cel-miR-54 is transferred to naïve macrophages ( Figure 3E ). Overall, this shows that EVs secreted by donor macrophages can be taken up and transfer their miRNA contents to recipient macrophages, and these EVs are likely derived from the exosomal pathway.
Atherogenic EVs Inhibit Macrophage Migration In Vitro
To determine the potential pathways regulated by the signature of EV-derived miRNA, we performed bioinformatic analysis on the most dysregulated miRNAs in atherogenic EVs (including up-and downregulated miRNAs) using miRSystem. 27 The rationale for this approach is that although the magnitude of gene repression exerted by a single miRNA is relatively small, distinct miRNAs can simultaneously target many genes in a given pathway and collectively alter cell function. Pathway analysis demonstrated that EV-derived miRNAs secreted from atherogenic macrophages putatively target cell migration pathways, with at least 7 out of 10 dysregulated miRNAs predicted to target genes that control leukocyte transendothelial migration, cell adhesion molecules, regulation of actin cytoskeleton, and axon guidance (Table) ; many of which have been shown to play a role in atherosclerosis. [28] [29] [30] Because of the importance of macrophage migration during all stages of atherosclerosis, 15, 16 we investigated whether EVs secreted from atherogenic macrophages can indeed control migration in recipient cells. We treated naïve macrophages with EVs either from control or oxLDL-treated cells for 48 hours and measured their migration toward CCL2 (C-C motif chemokine ligand 2)-a chemokine known to promote macrophage migration. 20, 21 Treatment of naïve macrophages with EVs derived from atherogenic macrophages inhibited the migration of naïve cells toward CCL2 to a greater extent than EVs from control macrophages (80% decrease in migration relative to control, P≤0.01; Figure 4A and 4B). Similar results were observed when we examined the effects of atherogenic EVs on the migration ability of RAW 264.7 macrophages ( Figure IIA and IIB in the online-only Data Supplement). To confirm that the inhibitory effect on macrophage migration is specific for EVs, we again inhibited exosome generation using GW4869 and showed that blockade of exosome generation partially relieved the effect of EVs on macrophage migration ( Figure IIC in the online-only Data Supplement). Thus, EVs isolated from atherogenic macrophages can be transferred to naïve macrophages and inhibit their migration in vitro.
Macrophage-Derived EVs Reduce Macrophage Emigration In Vivo
During atherosclerosis regression, plaque macrophages emigrate from the lesion via nearby lymphatics on cholesterol lowering and removal via efflux pathways. 31 This is similar to mechanisms used by inflammatory macrophages as they rapidly emigrate from the inflamed peritoneum to the draining lymph nodes during resolving peritonitis. 32 Therefore, we used Chemokine signaling pathway CX3CL1, CXCL12, CXCL2, CXCR4, LYN, STAT5B, ELMO1 7 miRSystem (http://mirsystem.cgm.ntu.edu.tw/) was used and listed here are the most enriched pathways, including how many miRNAs (out of 10) are predicted to target the pathway. A gene is considered as a potential target of a miRNA using at least 3 prediction algorithms. EV indicates extracellular vesicles. Figure 4 . Extracellular vesicles (EVs) secreted from atherogenic macrophages inhibit macrophage migration and is partly mediated by miR146a. A and B, Bone marrow-derived macrophages (BMDMs) were cultured without/with oxidized low-density lipoprotein (oxLDL; 50 μg/mL) for 24 hours, and EVs were purified using ExoQuick-TC solution. Isolated EVs were applied to naïve macrophages for 48 hours. The migration of naïve macrophages toward CCL2 (C-C motif chemokine ligand 2; 150 ng/mL) was measured using xCELLigence System. Area under the curve (AUC) was measured for each condition and is shown as mean±SD of n=3 experiments of quadruplicates, **P<0.01. C, In vivo (Continued) a well-characterized peritonitis model to test the effect of EVs on macrophage emigration in vivo. Mice were first injected with thioglycollate to trigger macrophage accumulation in the peritoneal cavity, after which lipopolysaccharide (LPS) was delivered to induce the rapid efflux of macrophages from the peritoneum. As previously observed, 33 injection of LPS reduced the number of macrophages in the peritoneum by 60% compared with control PBS-injected mice. In contrast, mice pretreated with macrophage-derived EVs prior to LPS stimulation had equivalent macrophages remaining in the peritoneum as PBS-treated mice, indicating that macrophage emigration out of the peritoneal cavity was not efficient ( Figure 4C ). Taken together, these data indicate that macrophage-derived EVs can inhibit macrophage migration both in vitro and in vivo.
Role of miR-146a in Macrophage Migration
As miR-146a was among the most significantly altered miRNA in atherogenic EVs, we postulated that miR-146a might partially mediate the effects exerted by these EVs. Using a coculture system, we find that endogenous miR-146a from wild-type macrophages could be transferred to miR-146 −/− naive cells, and this process was accelerated with oxLDL ( Figure 4D ). To test the role of EV miR-146a in macrophage migration, we knocked down miR-146a using anti-miR oligonucleotides and then isolated normal and atherogenic EVs from these cells. Macrophage-derived EVs deficient in miR-146a showed an increased macrophage migration index compared with EVs from control anti-miR macrophages. This increase in migration in the absence of miR-146a was observed, regardless of whether the EVs were isolated from control or atherogenic conditions ( Figure 4E and 4F) . Additionally, we isolated EVs from miR-146a −/− macrophages and examined the effects of these EVs on macrophage migration. Naïve macrophages treated with control or atherogenic EVs from miR-146a −/− macrophages exhibited increased migration to CCL2 compared with EVs from wild-type mice ( Figure 4G ). Therefore, miR-146a delivered via EVs dampens macrophage migration toward a chemokine stimulus, which is relieved by inhibition of miR-146a.
EV-Derived miR-146a May Inhibit Macrophage Migration via Targeting IGF2BP1 and HuR
We next sought to understand the mechanisms underlying the inhibitory effects of EV-derived miR-146a on macrophage migration. Based on bioinformatics analysis, several potential genes predicted to be targeted by miR-146a are also implicated in cell migration pathways, including IGF2BP1 and HuR. Both IGF2BP1 and HuR are RNA-binding proteins that modulate the expression of β-actin and have well-characterized roles in promoting cell migration. 34, 35 Overexpression of miR-146a suppressed and inhibition of miR-146a elevated the expression of IGF2BP1 at both the mRNA and protein level ( Figure 5A and 5B). Luciferase reporter constructs containing the 3′UTR IGF2BP1 showed that miR-146a directly represses the UTR activity of IGF2BP1 ( Figure 5C ), confirming that it is a direct target of miR-146a. To test whether EV-derived miR-146a targets recipient cell IGF2BP1, we cocultured miR-146a-enriched macrophages with naïve macrophages and demonstrated that miR-146a was transferred to naïve cells where the expression levels of IGF2BP1 were concomitantly decreased ( Figure 5D ). To examine the function of IGF2BP1 in regulating macrophage migration, we measured the migration of macrophages in which IGF2BP1 was knocked down by short interfering RNA (siRNA). Inhibition of IGF2BP1 reduced macrophage migration toward CCL2 ( Figure 5E and 5F), confirming its role as a modulator of migration in immune cells.
In agreement with the previous study that identified HuR as a direct gene target of miR-146a, 36 quantitative reverse transcriptase polymerase chain reaction and Western blot analysis of macrophages showed that levels of HuR mRNA and protein increased or decreased when miR-146a were knocked down or overexpressed, respectively ( Figure 6A and 6B) . Similar to what was observed with IGF2BP1, transfer of miR-146a from transfected macrophages to naïve macrophages increased the levels of miR-146a and reduced the expression levels of HuR in recipient cells ( Figure 6C ). Knockdown of HuR using siRNA also reduced migration of macrophages toward CCL2 ( Figure 6D and 6E) . Together, these data confirm that IGF2BP1 and HuR functionally promote macrophage migration, and both IGF2BP1 and HuR are targets of EV-derived miR-146a, which may contribute to the reduced chemotaxis in EV-treated cells.
miR-146a Is Elevated in Atherosclerotic Plaques and Its Targets IGF2BP1 and HuR Are Derepressed in Lesions From miR-146 −/− Mice
Because a dysregulation of miR-146a might alter macrophages in the vessel wall during atherogenesis, we examined miR-146a expression in lesions from Apoe −/− mice fed a chow or high-cholesterol diet. There was a significant upregulation in the expression of miR-146a in atherosclerotic lesions from Apoe −/− fed a high-cholesterol diet compared with mice fed a chow diet ( Figure 7A ). To extend these findings to humans, Figure 4 Continued. migration assay: C57BL6 mice (n=4/group) were injected intraperitoneally (IP) with thioglycollate, and 4 days later peritoneal macrophages were labeled using 1 μm Fluoresbrite microspheres. Mice were pretreated with EVs (100 μg, from RAW macrophages, injected IP) or PBS for 24 hours before treatment with lipopolysaccharide (LPS). Three hours after LPS injection, peritoneal cells were collected and the percentage of macrophages in the lavage was quantified by flow cytometry, **P<0.01. D, Transfer of miR-146a from wild-type macrophages to miR-146a −/− macrophages. Wild-type macrophages (donor cells, BMDMs) were cocultured with miR-146a −/− macrophages (recipient cells) in the absence/presence of oxLDL (50 μg/mL). Total RNA was isolated from recipient macrophages, and miR-146a levels were measured by quantitative polymerase chain reaction (qPCR). Graphs represent the means±SD from pooled BMDM of n=5 mice performed in triplicate. **P<0.01, ***P<0.001 vs control and background; #P<0.001 vs background. E and F, EVs isolated from BMDMs transfected with control anti-miR or anti-miR146a were applied to naïve BMDMs, and migration was measured using xCELLigence System as described earlier. Graphs represent the means±SD from n=3 independent experiments, *P<0.05, **P<0.01. G, Control/atherogenic EVs were isolated from wild-type or miR-146a −/− BMDMs and applied to naïve macrophages, and migration was examined using xCELLigence System as described earlier. Shown here is the representative experiment done in triplicate (n=3).
we analyzed miRNA expression in carotid plaques from patients with atherosclerosis, which revealed a significant increase of miR-146a expression compared with disease-free control arteries ( Figure 7B ). Because we find that miR-146a in EVs dampens macrophage migration, high levels of plaque miR-146a may adversely impact the ability of macrophages to emigrate from the plaque and contribute to lesion development. To understand how miR-146a targets may be regulated in the atherosclerotic plaque, we examined the aortic expression of IGF2BP1 and HuR in lethally irradiated Ldlr −/− mice transplanted with wild-type or miR146a −/− bone marrow and fed a high cholesterol diet for 12 weeks. We found that IGF2BP1 and HuR expression was increased in lesions from Ldlr −/− mice receiving miR146a −/− bone marrow compared with mice receiving wild-type bone marrow transplant ( Figure 7C and 7D) . Together, these data suggest that atherosclerotic lesions contain high levels of miR-146a compared with normal arteries, and in the absence of miR-146, target genes IGF2BP1 and HuR are upregulated and may play a role in lesion development. and control mimic/miR-146a mimic. TRAF6, a validated target of miR-146a, was used as a control for transfection efficiency. C, Reporter 3′UTR assay for the human IGF2BP1 UTR. Graph depicts luciferase activity relative to control miR after 24 hours, **P<0.01. D, Coculture of miR-146a enriched macrophages and naïve macrophages resulted in an increased expression of miR-146a and a decreased expression of IGF2BP1 in naïve cells in the absence/presence of oxLDL for 72 hours. E and F, Knockdown of IGF2BP1 using short interfering RNA (siRNA) reduces macrophage migration. BMDMs were transfected with control or IGF2BP1 siRNA for 72 hours. The migration of transfected cells toward CCL2 (C-C motif chemokine ligand 2; 150 ng/mL) was measured using the xCELLigence System. All graphs in this figure represent the means±SD from n=3 independent experiments, *P<0.05, **P<0.01. Western blot is representative of a single experiment done in triplicate (n=3).
Discussion
miRNAs are important modulators of multiple signaling pathways involved in atherosclerosis. 37 The complexity of miRNAmediated pathway control has expanded since the discovery that miRNAs can be released and function as paracrine molecules to regulate gene expression in recipient cells. 10 miRNAs are packaged into EVs by a broad range of cell types, and different cell types involved in atherosclerosis progression are known to secrete miRNA-containing EVs. 38, 39 In this study, we demonstrate that atherogenic macrophages secrete EVs containing a specific set of miRNAs, which can be taken up by naïve macrophages and mediate the transfer of miRNAs to naïve cells. Functionally, we show that EVs derived from macrophages can inhibit the migration of naïve cells in vitro and in vivo. The effect of EVs on macrophage migration is partially attributable to the transfer of miR-146a to naïve cells, where it represses the expression of specific target genes IGF2BP1 and HuR. Our study is the first to explore communication between macrophages in an atherogenic scenario and suggest that miRNAs may act as paracrine modulators in the development of atherosclerosis.
EVs are primarily classified based on their size and mechanism of secretion. In atherosclerosis, exosomes, microvesicles, and apoptotic bodies can mediate signals between cells in the plaque. 39 Although vascular endothelial cells, smooth muscle cells, and platelets have been shown to bidirectionally shuttle miRNA between cells via exosomes and apoptotic bodies, [40] [41] [42] the current study is the first to show that lipid-laden macrophages can functionally alter proatherogenic phenotypes in recipient macrophages by directly transferring miRNAs via EVs. Although we cannot entirely exclude the role of microvesicles and apoptotic bodies in this macrophageto-macrophage communication, our results using inhibitors, coculture, and nanoparticle tracking analysis suggest that EVs used in our study are likely exosomes. Accumulation of lipid-laden macrophages in the artery wall, which results from the imbalance of macrophage recruitment to plaque and macrophage emigration from plaque to regional lymph nodes, contributes to the inflammatory propagation of atherosclerosis and plaque instability. 16, 31 Thus, macrophage migration is central to the development of atherosclerosis. Our study shows that EVs secreted from macrophages can block macrophage migration toward a chemokine stimulus (CCL2), which along with its receptor, CCR2, can promote myeloid trafficking to the lymph nodes during inflammation. 43, 44 Our findings parallel the observation that oxLDL induces the migratory arrest of macrophages in vitro, which involves focal adhesion kinase and reorganization of the actin cytoskeleton. 33, 45 We find that EV-derived miR146a represses the expression of several genes implicated in cell migration pathways, including HuR and IGF2BP1. The RNA-binding protein HuR is a validated target of miR146a, 36 and in several cancer cell lines, HuR promotes cell migration by stabilizing β-actin and Snail mRNAs. 34, 46 Here, we confirm that EV-derived miR-146a decreases HuR in macrophages. Knockdown of HuR using RNA interference reduces migration toward CCL2 stimulus, confirming a role of this protein in modulating macrophage migration. We also identify the RNA-binding protein IGF2BP1 as a novel target of both endogenous and EV-derived miR-146a. IGF2BP1 is a potent oncogenic factor that regulates the migration and invasiveness of tumor cells by interfering with the translation of MAPK4 (mitogen-activated protein kinase 4) and β-actin. 35, 47 Supporting the role of IGF2BP1 in regulating macrophage migration, IGF2BP1 knockdown strongly reduced macrophage migration, and we noted the lower expression of IGF2BP1 in cholesterol-loaded macrophages, which have impaired chemotaxis (data not shown). Thus, foam cells may promote migration arrest in other macrophages via the secretion of EVs containing miR-146a, which along with other factors may inhibit macrophage migration via downregulation of RNA-binding proteins IGF2BP1 and HuR.
To confirm our in vitro findings, we used a model of thioglycollate-elicited peritonitis to study macrophage emigration in vivo. 20, 33, 48 We show that macrophage-derived EVs reduce macrophage migration to lymph nodes in response to LPS, confirming a role of macrophage-derived EVs in regulating macrophage emigration out of inflamed tissues and into the lymph nodes. Interestingly, EVs from mycobacteriainfected macrophages has also been shown to induce cell migration in vitro and in vivo, 49, 50 suggesting that EVs from atherogenic macrophages may target similar pathways but exert opposing effects. Our in vivo and in vitro data suggest that EVs secreted from atherogenic macrophages decrease macrophage migration and may promote macrophage entrapment in the vessel wall, which would accelerate the development of atherosclerosis. However, we cannot exclude the possibility that atherogenic EVs may dampen inflammatory cell migration into the arterial intima. Blocking monocyte recruitment, which is crucial for both plaque progression and regression, may be advantageous or disadvantageous in atherosclerosis depending on the timing of inhibition. 51 Therefore, whether EVs from atherogenic macrophages have beneficial effects on the development of atherosclerosis still needs further investigation.
EVs isolated from oxLDL-loaded macrophages showed enrichment of several miRNAs, including miR-146a, miR-128, miR-185, miR-365, and miR-503. Notably, oxLDL did not induce changes in the intracellular levels of these miRNAs in donor cells. Previous studies also demonstrated that the expression of RNAs in secreted vesicles does not reflect the intracellular content of RNAs, and selective packaging of miRNAs into vesicles may be crucial for the specificity of the biological functions of secreted miRNAs. 52, 53 The results from our study indicate that oxLDL stimulation of macrophages induces the selective enrichment of miRNAs into exosome-like EVs, and this is not simply a result of packaging of abundant miRNAs into microvesicles or the passive release of miRNAs that is commonly observed during cell death. Moreover, individual cell types seem to secrete a unique assortment of EVs containing a specific set of cargo proteins and RNAs, which allow a precise and regulated signal to be communicated to recipient cells. In our case, several specific miRNAs including miR146a, miR-128, miR-185, miR-365, and miR-503 were upregulated in EVs isolated from cholesterol-loaded macrophages. In contrast, EVs derived from LPS-stimulated macrophages showed enrichment of different signature of miRNAs, including miR-21, miR-126, miR-146a/b, miR-212, and miR-222. 12 The mechanisms that define cargo selection and packaging into vesicles remain poorly understood. Some evidence suggests that sumoylated heterogenous nuclear ribonucleoproteins direct the loading of miRNAs into exosomes through recognition of specific short motifs. 54 MEK-ERK (mitogen-activated protein kinase kinase/extracellular-signal-regulated kinase) signaling downstream of activated KRAS (Kirsten rat sarcoma viral oncogene homolog) was shown to inhibit sorting of Argonaute (Ago) 2 and Ago2-dependent miRNA let-7a into tumor cellderived exosomes. 55 In addition, the YBX1 (RNA-binding protein Y-box protein 1) is required for the sorting of miR-223 in exosomes secreted by HEK293T (human embryonic kidney 293T) cells. 56 Collectively, these studies strongly support the notion that small RNAs are selectively packed into EVs and that different cells may use diverse RNA sorting mechanisms. Additionally, in our study, we could only partially EV generation by treating with GW4869, likely because GW4869 inhibits only one pathway of exosome secretion, namely neutral sphingomyelinase, and only reduces EV secretion by 40% to 50%. Whether macrophages secrete EVs via the ESCRT (endosomal sorting complexes required for transport)/Rab machinery from MVBs and how these mechanisms are unique in certain cell types awaits further insights. And finally, there is the possibility that LDL can coprecipitate in the EV preparations from our oxLDL-treated cells, resulting in some carryover of oxLDL into naïve cells. However, when cells are treated with 50 μg/ mL as in our study, the majority of oxLDL is taken up by macrophages after 5 hours. 57 Thus, in cells treated with EVs from oxLDL-treated bone marrow-derived macrophages, there is likely only a minor contribution of contaminating oxLDL.
Many of the atherogenic EV-enriched miRNAs found in our study have been shown to play a role in inflammatory and lipid homeostasis pathways. For example, miR-128 acts as a key post-transcriptional regulator controlling networks of lipid and energy metabolism genes, such as LDL receptor, ATP-binding cassette transporter A1, sirtuin 1, and insulin receptor substrate 1. 58 Interestingly, miR-146a inhibits nuclear factor-κB and MAPK (mitogen-activated kinase-like protein) signaling via targeting TRAF6 (TNF-receptor-associated factor 6), IRAK1/2 (interleukin 1 receptor-associated kinase 1 or 2), and HuR, which limits inflammatory responses in a diverse range of cells.
36,59-61 miR-146a also decreases lipid uptake and cytokine release in oxLDL-activated macrophages through repressing the expression of TLR-4. 62 These observations have classified miR-146a as an anti-inflammatory miRNA, and indeed exogenous delivery of miR-146a to atherosclerosis-prone mice resulted in the accumulation of miR-146a in macrophages and a reduction in plaque size after 6 weeks of treatment. 61 However, more recently, macrophage miR-146a in atherosclerosis lesion progression was evaluated directly in Ldlr −/− mice receiving bone marrow from wild-type or miR-146a −/− mice. After 12 weeks, miR-146 −/− bone marrow recipients had significantly less aortic lesion development compared with wild-type recipients. 63 Importantly, we now show that in these same mice, both IGF2BP1 and HuR expression is elevated, in agreement with these genes serving as miR-146a targets. These 2 studies suggest that macrophage and endothelial-cell miR-146a play different roles during atherogenesis. We and others find that miR-146a is significantly upregulated in atherosclerotic plaques, 64 as well as in the circulation of coronary artery disease patients, and is associated with an increased risk of atherosclerosis. 65 In the atherosclerotic milieu, the reduction in macrophage migration would promote the retention of macrophages and plaque progression, suggesting that EV-derived miR-146a may be proatherogenic. Collectively, these results suggest a potential proatherogenic role for miR146a in the plaque. Given that endogenous miR-146a levels in vitro remain at steady state, whereas EV levels increase on oxLDL treatment, the mechanisms that govern miR-146a targeting are likely dependent on cell of origin and stimulation. Moreover, the individual contributions of the other miRNAs enriched in atherogenic EVs were not tested in this study; therefore, we can only conclude that the reduction in macrophage migration observed in EV-treated cells is partially impacted by the enrichment of miR-146a but may be influenced by other EV-derived miRNAs.
In conclusion, our study provides evidence that macrophages under proatherogenic conditions secrete EVs containing a specific signature of miRNAs, which can be transferred to nearby macrophages and functionally alter recipient cell function. As shown in the model in Figure 8 , our study has characterized a new intercellular communication during atherogenesis, in which atherogenic macrophages secrete EVs and deliver miRNAs to naïve macrophages where EV-derived miRNAs repress the expression of specific target genes implicated in migration pathways, leading to decreased macrophage migration and potential entrapment in the atherosclerotic plaque.
